The Arbuckle saline aquifer in southwestern Kansas, a siliceous dolomite with interbedded shales, is an ideal candidate for CO 2 sequestration because of thickness (600-1000 ft), supercritical depth (>3500 ft), stratigraphic isolation from freshwater aquifers, and very limited oil and gas production. The Arbuckle Group (Cambro-Ordovician) consists dominantly of shallow shelf carbonates overprinted by karstic features, such as paleokarst compartments and associated fracture systems, developed during repeated subaerial exposure. Volumetric curvature (VC) tool improves identification and numerical characterization of karst features in seismic volume. This paper discusses how seismic and well data were integrated into a geocellular model, and a discrete fracture model and dynamic numerical simulation of CO 2 injection.
Background
The Arbuckle saline aquifer is a siliceous dolomite with interbedded shales. It is located in southwestern Kansas and it is an ideal candidate for CO 2 sequestration because of considerable thickness (600-1000 ft), supercritical CO 2 conditions (>3500 ft), stratigraphic isolation from freshwater aquifers, and very limited oil and gas production.
Published estimates of CO 2 sequestration capacity in the Arbuckle Group in Kansas vary between 1.1 to 3.8 billion metric tonnes based on static CO 2 solubility in brine under in situ pressure and temperature.
The Arbuckle Group (Cambro-Ordovician) consists dominantly of shallow shelf carbonates overprinted by karstic features developed during repeated subaerial exposure. The uppermost Arbuckle has very extensive paleokarst including collapsed paleocaverns related to exceedingly prolonged pre-Simpson exposure. Few wells penetrate more than 30 ft of the Arbuckle section in south-central Kansas, and data about vertical and lateral distribution of paleokarst facies are limited [1] . Regional seismic data suggests that Ordovician and Mississippian paleokarst are frequently coincident with reactivated, long-lived, basement faults. Identification of these potentially conductive, through-going fault systems is important for reducing risks of CO 2 sequestration operations. As such, a cost-effective seismic tool that can better image the entire Arbuckle section and characterize paleokarst compartments and associated fracture systems is needed. Volumetric curvature (VC) defines how reflectors within a seismic volume are bent or flexed in three dimensions. Curvature attributes have been used to infer fracture swarms, fracture sets, flexures, sags, and paleokarst. Imaging lateral and vertical extent of compartment boundaries is critical for reducing uncertainty in CO 2 storage and permanence. KGS drilled a ~1500 ft horizontal lateral through VCidentified reservoir compartment (e.g. paleocaverns) boundaries based on a 10.725 sq. mile 3D seismic survey that was acquired in southwestern Kansas at Bemis-Shutts field. Standard tools such as "triple combo," full-wave sonic, and image logs were used to confirm the validity of VC attributes and enable characterization of petrophysical properties, internal compartment architecture, vertical and lateral extent and transmissibility of compartment boundaries.
This paper discusses how seismic and well data were integrated into a comprehensive geocellular model, and a discrete fracture model was built using image log interpretations, mechanical stratigraphy, and interval-based VC maps. Dynamic numerical simulation, history matching, and new well production were used to indicate reservoir volumes which appeared to be consistent with VC-imaged compartment boundaries. Facies models, reflecting stratigraphic architecture and paleokarst overprinting, were used for numerical simulation studies designed to estimate CO 2 storage capacity in Arbuckle compartments, optimal injection rates and best injection intervals. Simulation studies also illustrate how free CO 2 behaves upon encountering sealing or conductive faults. Numerical simulations helped to understand cost-effectiveness of a VC tool for assessing geologic storage capacity and injectivity, CO 2 plume migration tracking, and verification of CO 2 containment in deep saline aquifers such as the Arbuckle in Kansas.
Bemis-Shutts field
The Central Kansas uplift and Nemaha uplift are two major post-Mississippian structural highs that dominate the subsurface geology of Kansas. The Central Kansas uplift ( Fig. 1 , top) trends northwest-southeast and is the focus of most oil field activities in the state. This uplift is largely created by geologic deformation in Late Mississippian to Early Pennsylvanian time. Before these late Paleozoic features were formed, a broad northwest-southeast-trending structural high dominated the geology of the state in Ordovician and Devonian time [2] .
The 15 miles 2 study area is located in southeastern Bemis-Shutts field (Fig. 1, bottom) . The Bemis-Shutts field is centrally located at the Central Kansas uplift in Ellis County, KS and it has has 594 wells producing a total of 2950 BO/day for an average of 5 BO/day per well, and it has cumulatively produced 262.9 MMBO since 1928 [3] . Currently, this field is going through final stages of secondary oil recovery. Its operational pressure is 1100 psi and temperature is around 110-120 F [4] .
Volumetric curvature tool
VC has been championed for identifying faults (offset <¼ λ) that cannot be imaged by conventional 3-D seismic attributes such as coherence. The objective of this research is to prove-up VC-techniques for reducing uncertainties in reservoir compartmentalization studies and seal risk assessments.
Attributes derived from seismic volumetric curvature (VC) processing routines quantify how reflectors within a seismic volume are bent or flexed in three dimensions. VC-attributes have been used to infer faults, fracture swarms, fracture sets, flexures, sags, and paleokarst-all of which are present within the Arbuckle Group. 
Horizontal well
A 2000-ft horizontal lateral well (McCord-A 20H) was purposefully drilled across VC-imaged lineamentsinterpreted to record a fractured and a fault-bounded doline-to physically confirm their presence (Fig. 2 ). The well was logged with the full set of modern logs which include imaging, lithological, gamma, sonic, and resistivity logs. 
Reservoir model

Image log analysis
Image interpretation consisted of describing 1) structural features and 2) facies. Four types of structural features are identifiable from the image. These consist of conductive fractures/faults, partially conductive faults/fractures, faults (having obvious offset), and bedding planes. Sand and clay are present within faults and dilational fractures. Louck's [6] paleokarst classification system was used for describing facies. Five types of facies were described using a combination of the image log and lithology logs. These include: 1) crackle breccia, 2) chaotic breccia, 3) matrix-supported breccia, 4) dolostone beds, and 5) dilational fractures. Matrix-supported breccias coincide with high silica measurements ( Fig. 3 ).
Fault model
The final fault model has been constructed. Faults in the latest model correspond to high negative volumetric curvature values. The fault model was constructed using vertical pillars, which is consistent with fault geometries revealed by the PSDM volume. Faults intersecting the McCord-A 20H well bore are tied to their corresponding image log pick. This model contains 201 faults, which were successfully gridded using Rock Deformation Research's (RDR) Petrel module. The RDR module builds a grid by individually rotating each fault to a "best fit" plane. The 3-D structural grid contains 2,021,250 cells (x=275; y=98; x=75). The average cell dimension is: x=44.6 ft, y=75.2 ft, and z=9.8 ft. All property models are assigned the same 3-D grid geometry.
Facies model
Three probability maps were constructed to constrain the spatial distribution of the facies model. Their distribution is based on outcrop analog studies of paleokarst. The volumetric curvature map was used to delineate three main facies associations: (1) those coincident with VC-imaged fractures and faults (facies: dilational fracture fill); (2) those coincident with dolines (facies: chaotic and crackle breccia); and (3) those coincident with host strata (facies: bedded dolostone and matrix-supported breccia). It should be reiterated that strata-bound breccias probably formed in response to evaporite dissolution and burial compaction. These strata-bound, comparatively thinbedded breccias (meter-scale) reflect an arid, peritidal to supratidal setting in contrast to seismicscale paleocaverns linked to glacio-eustatic, vadose karst processes.
The facies were modeled using sequential indicator simulation and deterministically derived 2-D facies trends. Using this method, at each grid cell the algorithm: (1) searches for nearby data, (2) builds an uncertainty distribution using indicator Kriging, and (3) then selects a simulated value from the uncertainty distribution. Kriging equations are modified locally to account for azimuthal changes in facies continuity. Facies variogram calculations are problematic because facies continuity is nested within/or outside of paleokarst features and, therefore, facies patterns exhibit a locally varying azimuth. As such, the lateral range of each variogram reflects their individual, average lateral continuity across the field (fracture fill xy: 50 ft; bedded dolomite and matrix supported breccia xy: 1000 ft; crackle and chaotic breccia xy: 500 ft). The vertical variogram ranges are a function of karst penetration and fracture depth (fracture fill: 100 ft; paleocavern fill: 20 ft; host strata: 5-15 ft). The nugget for all facies was set artificially low (0.01) because outcrop studies indicate that the nugget is largely a function of sufficiently small-scale heterogeneities (<1 ft) that do not impact effective reservoir properties.
Porosity model
In contrast to well data, seismic data is areally extensive over the reservoir and is, therefore, of great value in constraining facies and porosity trends within models. A PSTM acoustic impedance inversion solution was generated. However, because it is in time, it offers little 3-D utility other than visualization. Petrel's™ volume attribute processing (i.e., genetic inversion) was used to derive a PSDM porosity attribute to condition the revised porosity model. A new seismic volume was created by re-sampling (using the original exact amplitude values) the PSDM 50-ft above the Arbuckle and 500-ft below (i.e., approximate basement). A cropped PSDM volume 4 and porosity logs (XPHI) were used as learning inputs during neural network processing. A correlation threshold of 0.85 was selected and 10,000 iterations were run to provide the best correlation. The resulting porosity attribute was then re-sampled, or upscaled (i.e., average method), into their corresponding 3-D property grid cell.
Permeability model
Fifty-five permeability measurements from L. Hadley-4 core plugs were upscaled using harmonic mean and bias to facies. Core permeability values measured 0.001-4609.800 mD. Ranges per individual facies are as follows: fracture fill (0.01-℮1.00 mD); bedded dolostones (0.31-16.29 mD); matrix-supported breccias (0.44-2059.57 mD); crackle breccia (0.01-4609.80 mD); chaotic breccia (0.01-℮2000 mD). Permeability was modeled using SGS. A log normal permeability distribution was chosen for each facies because the sample size per facies is not statistically valid. Variogram ranges were set to the same range as facies. Probability maps were used as a local varying azimuth for their respective facies. Except for fracture fill, each facies was conditioned to the 3-D porosity model using collocated co-Kriging and a 0.8 correlation coefficient. The resulting permeability model reveals geologic complexity consistent with paleokarst analogs where the permeability architecture is dominantly strataform within host rock. Fig. 3 . Image Log derived facies model.
Numerical simulations
Model construction
A numerical simulation model has been created for the Bemis Shutts Arbuckle formation to evaluate flux between fracture blocks and the applicability of directional wells in this style of reservoir. The simulation model focused on the fault block including or adjacent to the McCord-A 20H well. The model has been validated as a predictive tool by history matching individual well production history. The Leases in the study area have been on production from 1937, but the principal validation is based on well tests and historical water cut performance over the period from September 1990 through December 2011.
Static model integrating the petrophysical and and seismic data with a geologic interpretation was imported from Petrel. Specific reservoir structure and data were exported from the static model for use in the dynamic numerical simulation models. For these studies, numerical simulation modeling is carried out utilizing the Computer Modeling Group simulation tools IMEX and GEM.
A pseudo steady state (Fetkovich) aquifer function is connected to the bottom of the model. Aquifer parameters (height, area, porosity, permeability, etc) are history matching variables. Rock compressibility was set to 5.0E-6 psi-1 at 1500 psi. The reservoir fluid properties were determined from correlations and the oil PVT report for the Peavy No B-1 well which is located in the nearby field.
Oil production data, by lease was available on an annual basis from 1937 to 1970 and monthly from 1970 to 2011. Also, the number of wells available for production in each lease was available over this period. But, allocated production by well was not available. For purposes of these models, the indicated lease production was assumed to be divided equally by the number of wells shown as available for production.
History matching
History matching was carried out using the CMG automatic history matching software program CMOST. Uncertain history matching parameters include: 1) Aquifer Parameters; 2) Angle, radius, thickness; 3) Depth to Oil Water Contact; 4) Reference Pressure (at the oil water contact); 5) Relative Permeability shape and end-points; 6) Gravity Stable or Corey; 7) Critical water saturation; 8) Residual oil saturation; 9) Transmissibility (i.e. Connectivity or Tortuousity); 10) Variable by fault block; 11) Anisotropy; 12) Pore volume modifiers by fault block. The objective functions for the history matching were the water cut match for the 4 wells.
However, it is important to note that history match is not a unique solution. Several suitable matches could be derived under different values for the uncertainty parameters. Nevertheless, the comparison of history matching runs where fault properties and fluxes were included into a mix of variables versus history matches without structural elements suggest that accuracy of a history match depends of inclusion of structural elements and compartments.
CO 2 injection strategies
Considerable effort has been directed at simulating plume behavior in response to variable transmissibility values along compartment boundaries. Simulation work was focused on testing of different injection strategies and evaluation of efficiencies of tested strategies in naturally fractured carbonate reservoir. Among tested injection scenarios are: injection via horizontal wells, injection with additional brine production for pressure and storage capacity management, and CO 2 EOR sensitivity to natural fractures.
In order to perform this work, simulation conditions were altered to better accommodate for a more suitable for a CO 2 geological storage conditions. The reservoir pressure was set to 2000 psi and reservoir temperature to 140 F, which resembles conditions of typical Arbuckle reservoir in a South-Central to South-Western part of Kansas.
As a result of numerical simulations it was found that 1) pressure management strategies with horizontal wells are successful; however, CO 2 storage capacity and injection rates increases with horizontal wells are site specificlocation of the well and reservoir properties, such as porosity, permeability, and natural fractures, should eventually determine the well location and configuration; 2) fault and fracture transmissibility affects CO 2 mobility and reservoir performance and should be included in decision making process for the well location determination (Fig.  4) ; 3) Fault and fracture transmissibility complicates other field operations which might be implemented in order to increase CO 2 storage capacity and injectivity, for instance, water management, such as water production or injection, will be affected by the presence of faults, fractures, and other structural elements in the reservoir. Fig. 4 . Vertical cross section from west to east: CO2 movement front with fault permeability multiplier set to 1 -transmissible (top) and with the fault transmissibility multiplier set to 0 -not transmissible (bottom). The flow of CO2 is determined by permeability and faults (fractures). In this case the vertical flow is possible because of permeability pathway associated with the fault, and if the fault transmissibility is set to 0 the vertical flow is still happening. In contrast, the plume on the right side of each image is not moving upwards, due to low permeability barrier in the Mid.
Arbuckle.
Summary
Volumetric curvature tool can be successfully used to improve identification and numerical characterization of karst features in seismic volume; however, it is important to note that at current stages of development of the methodology, assisting methods could be necessary to better resolve various karst features. For instance, PSDM volume that includes velocity profiles down to the basement would lead to a better understanding of karst morphologies and whether dilational fractures (i.e., fissures) and solution-enlarged faults are rooted in underlying basement structures. Also, karst morphologies identified using VC attributes at Bemis-Shutts field have not been observed at Wellington Field, Kansas. Determination of the drivers for this style of vadose paleokarst has important implications for CCS in Kansas. Moreover, the dynamic simulations and history matching routines greatly benefited from identification of faults and fractures at the Bemis-Shutts field: the accuracy of the history match was improved and the overall understanding of a fluid flow in the reservoir has improved.
